Enzymatic glyceride synthesis in a foam reactor by Yeh, Yu‐chih & Gulari, Erdogan
ABSTRACT: We report the results of our study on Rhizomucor
miehei lipase-catalyzed lauric acid–glycerol esterification in a
foam reactor. A satisfactory yield of glyceride synthesis can be
achieved with an unusually high initial water content (50% w/w).
We found that product formation could be regulated by control-
ling foaming. Foaming was a function of the air flow rate, reac-
tion temperature, pH value, ionic strength, and substrate molar
ratio. Monolaurin and dilaurin, which constituted nearly 80% of
the total yield, were the two dominant products in this reaction;
trilaurin was also formed at the initial stages of the reaction. A
study of pH and ionic strength effects on an independent basis
revealed that they affect the interfacial mechanism in different
manners. On varying the ratio of lauric acid and glycerol, only a
slight change in the degree of conversion was detected and the
consumption rate of fatty acid was approximately the same.
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Lipases have been successfully employed in catalyzing many
organic reactions (1–5). Among those reactions, lipase-cat-
alyzed esterifications are of most commercial interest (6–8).
For instance, esterification of sugar with fatty acids produces
sugar esters, which are potentially important as food and cos-
metic emulsifiers (9). A substitute for a natural wax ester, jo-
joba oil, can be derived from the transformation of high-eru-
cic acid rapeseed oil and erucyl alcohol (10). The main prod-
ucts of the reaction discussed in this paper, mono- and
diglycerides, are extensively used in food and cosmetic addi-
tives to increase the flavor and enhance emulsifying as well as
texturizing functions. The use of lipases has broadened over
the last decades to include the synthesis of biosurfactants,
cloning of a detergent lipase (11), and biorefining of oils (12).
Enzyme-catalyzed reactions, as an alternative to tradi-
tional chemical synthesis, have become increasingly impor-
tant in the food, cosmetics, and pharmaceutical industries be-
cause, in general, no toxic materials are involved, and reac-
tion conditions are mild and have high stereoselectivity
(13–15) as well as enantioselectivity, which is advantageous
for the production of fine chemicals. Though lipase is active
at oil/water interfaces, immiscibility of oil (substrates and
products) and water (essential for enzymatic function) com-
plicates the esterification process. As a result, a lot of effort
has been spent to enhance the oil/water contact area (and
therefore the catalytic efficiency of the lipase) by designing
an optimal reaction environment to carry out this reaction.
Generally, reaction media for esterification by lipases can
be classified into two categories, organic and solvent-free
media (in aqueous solutions, the equilibrium is shifted far to
the hydrolysis side; thus, aqueous solutions are not suitable
for esterification). When an organic medium is employed, or-
ganic solvents have to be used to dissolve the reactants. By
magnetic stirring (14,15), using immobilized lipase (16) or
substrate support (17,18), or adding surfactants to form mi-
celles (19–21), the interfacial area between lipids and the
aqueous phase can be increased considerably. However,
drawbacks include mass transfer limitations, need for toxic
solvents and surfactants in the separation step, and difficulty
of operating reactions in a continuous mode. In contrast, re-
actions carried out in a solvent-free medium do not cause con-
tamination, but have other disadvantages. When incubating
substrates and lipase together in a nonaqueous medium (22)
or performing reactions in a membrane reactor (23,24), high
viscosity may lead to enzyme denaturation, and scale-up
problems may be serious. Recently, high yields of monoglyc-
erides and diglycerides have been achieved by temperature
programming of enzymatic glycerolysis of fats (25–30). In
spite of high conversion and high purity, lowering reaction
temperature may result in a sharp decline in reaction rates,
and the solidified reaction mixture may complicate the sepa-
ration of products and lipase. This method is not suitable for
glycerides of monounsaturated or polyunsaturated fatty acids,
owing to their low melting points.
As a consequence, there still exists a need to develop a re-
action environment for lipase that optimizes the catalytic effi-
ciency at oil/water interfaces. It is well known that the incuba-
tion conditions as well as the reaction microenvironment have
a governing effect on enzymatic mechanisms, in that the cat-
alyzing pattern may differ as the interfacial property changes.
In this paper, we report the effects of various factors on the en-
zymatic glyceride synthesis in a foam reactor. Because lipase
and most of the reactants possess sufficient surface activity,
there is no requirement of adding surfactants or solvents,
thereby vastly reducing the cost of down-stream processing.
In this work, we report our results obtained with a new reac-
tion medium, foams, to host the fatty acid–glycerol (GLY) es-
terification catalyzed by lipase from Rhizomucor miehei. 
Several methods are available to make foams (31). All of
them involve a large amount of gas being introduced into a
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liquid, during which more and more gas bubbles are produced
and several changes start to occur (31):
(i) Disproportionation or Ostwald ripening: as time in-
creases, bigger bubbles grow in size by diffusion of the gas
through the liquid continuous region at the expense of smaller
bubbles;
(ii) Creaming: because air bubbles are buoyant and fairly
large, they cream rapidly by forming a separate foam layer on
top of the bulk liquid;
(iii) Polyhedral geometry: as more bubbles are formed, the
bubble cells come in contact with and deform one another,
leading to foam cells of polyhedral shape, which minimizes
the total surface area. Each of these cells has 12 neighbors.
At this stage, the structure of the foams consists mainly of a
large number of thin liquid films (lamellae), which make an
angle of 120° with one another. The line where the thin films
meet is called the Plateau border, which encloses most of the
liquid in the foams (31,32);
(iv) Drainage: owing to gravitational effects, the central
liquid between the foam cells starts to drain from the Plateau
borders to bulk liquid;
(v) Rupture or formation of stable black film: at the final
stage of foam drainage, the film thickness reaches an approx-
imate equilibrium value of several hundred Ångstroms. At
more than a minimum concentration of the solute, a black film
is formed after drainage, which indicates that its thickness is
less than the wavelength of light. Alternatively, the films
often become more brittle with draining and can resist no
more stress, resulting in film rupture and bubble coalescence. 
By bubbling air through a reaction mixture that contains
lipase, GLY, water, and a fatty acid, foaming can be induced.
It is our goal to relate the hydrodynamics of the foam system
to the catalytic performance of the lipase. The formation of
numerous air/liquid thin films increases the contact area be-
tween the oil and aqueous phases significantly. Furthermore,
with most of the liquid phase (mainly GLY and buffer) and
excess substrates being in the Plateau borders, the reaction
equilibrium on foam films can be driven toward glyceride
synthesis.
EXPERIMENTAL PROCEDURES
Materials. All reactants, such as lauric acid (LA) and GLY,
were obtained from Sigma Chemical Co (St. Louis, MO).
Monolaurin (ML), dilaurin (DL), and trilaurin (TL), as stan-
dards for high-performance liquid chromatography (HPLC)
calibration, were purchased from Sigma at the highest puri-
ties available. The solvents (Fisher Scientific, Pittsburgh, PA)
for HPLC analysis (chloroform, acetone, and acetonitrile)
were used without further purification. Lipozyme, a fungal li-
pase in liquid form (activity 10 LU/mg of solution), from R.
miehei, was a generous gift from Novo Industry (Copen-
hagen, Denmark). Various buffer solutions with different
ionic concentrations and the phosphate salts used in prepar-
ing phosphate buffers of different pH values were all obtained
from Sigma Chemical Co.
Product analysis. To achieve a good separation of fatty
acid and glycerides, HPLC was used (33) with a Waters (Mil-
ford, MA) ALC 200 Series, WISP sample injector, and Data
Module. The stationary phase was the Supelcosil™ LC-18
column from Supelco Company (Bellefonte, PA). The mobile
phase was a mixture of acetone and acetonitrile at a 1:1 vol-
ume ratio at a constant flow rate of 0.8 mL/min. For each an-
alytical run, a 15-µL sample was injected. The duration for
one analysis was 45 min, with an additional 10 min needed to
resume the stability of the chromatographic system. In this
work, the reverse-phase method was employed. An evapora-
tive light-scattering detector (ELSD IIA; Varex Corporation,
Rockville, MD) was installed on the HPLC to monitor the
eluting components from the chromatographic column
(34,35). ELSD operating conditions were as follows: drift
tube temperature and exhaust temperatures of 100 and 80°C,
respectively, and a carrier gas flow of 1 L/min dry nitrogen.
The selectivities are expressed as mol% of the starting fatty
acid contained in each specific product (ML, DL, unreacted
fatty acid, etc.) at the time of sampling. Direct measurement
of the LA concentration with the light-scattering detector was
not reliable, and all lauric concentrations reported are cali-
brated by mass balance from the measured concentrations of
the mono-, di-, and triglycerides.
Foam reactor. Figure 1 is a schematic diagram of the foam
reactor within which lipase-catalyzed esterifications were
conducted. The inner diameter of this reactor was 3 cm, and a
porous plate was located 3 cm above the bottom to evenly dis-
tribute the incoming dry air into the reaction liquid, thereby
producing the foams. A water jacket with a thickness of 2 cm
surrounded the reactor to control the temperature. 
Enzymatic reactions. An initial 50% (w/w) of nonionic or
buffered solution and reactants (fatty acid and GLY), at dif-
ferent molar ratios, was first incubated in the reactor for 0.5 h
to allow the fatty acid to melt and the whole system to be ther-
mally equilibrated. To avoid overflow of foam, the total liq-
uid volume was adjusted to approximately 6 mL. In all exper-
iments, the GLY was present in excess, and its amount was
held constant. The most common molar ratio used was
LA/GLY = 0.1, corresponding to a molar concentration of
0.56 M for LA at the beginning of the reaction. The starting
molar concentration of GLY was kept constant at 5.6 M. The
starting water concentration was also constant at 27 M; how-
ever, this dramatically decreased toward the end of the reac-
tion. The final water contents of the reaction mixtures were
determined by a Mettler-Toledo (Worthington, OH) DL18
Karl Fischer auto titrator.
After the start of air flow, esterification reactions were initi-
ated by addition of 0.04 mL of unpurified lipase-containing
protein solution for each mL of the starting reactant mixture.
The amount of lipase in the protein solution is given as 10
LU/mg of liquid by the manufacturer. We did not check this in-
dependently. Owing to the surface activity of both fatty acid
and enzyme molecules, bubbles of uniform size were immedi-
ately formed. At regular intervals, 200 µL of foam materials
was sampled in a capillary tube and diluted with chloroform to
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a concentration range appropriate for HPLC analysis. To deter-
mine the reproducibility of our results, we performed several
duplicate runs. Overall, the results were reproducible to better
than ± 10%. GLY, initially added in excess, was not monitored
during the reaction. Hence, chloroform, a good solvent for all
other reactants except GLY, was the ideal candidate as a sol-
vent for the following HPLC analysis. All reactions were
stopped after 24 h owing to reduction in foam density.
The concentrations of the products were calculated and are
reported in terms of fatty acid equivalents (i.e., the total
amount of the fatty acid converted to a monoglyceride is equal
to the molar concentration of the monoglyceride; for a diglyc-
eride, the fatty acid equivalent is twice the molar concentra-
tion of the diglyceride, and for a triglyceride it is three times).
RESULTS AND DISCUSSION
Effect of flow rate. Figure 2 shows product distribution and
overall conversion for a representative set of conditions. At
medium air flow rates such as 20 mL/min {corresponding to
a superficial velocity of 2.8 cm/min [ = (20 cm3/min)/(column
cross-sectional area of 7.06 cm2)]} and 25 mL/min, the
amounts of ML and DL were almost always equal within ex-
perimental error. The final composition of the products (as
mol% of the fatty acid converted to each product) after 24 h
was 49% ML, 40% DL, and 11% TL. The change in the final
conversion as a function of air flow rates is shown in Figure
3. We also noted that the rate of water removal was a strong
function of the air flow rate. For 20 mL/min flow rate, the
water content of the reaction mixture decreased linearly to
22% by weight at the end of a 24-h run; for 25 mL/min flow
rate, the final concentration was 4% by weight. Though lower
yields were obtained at higher or lower air flow rates, at least
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FIG. 1. Schematic diagram of the foam reactor used for this study.
FIG. 2. Results for a representative set of conditions for lauric acid/glyc-
erol (LA/GLY) esterification with a substrate molar ratio of LA/GLY = 0.1,
T = 50°C, flow rate of 25 mL/min, and pH 7 (0.1 M phosphate buffer).
50 mol% of LA was converted within 24 h, with the main
products being ML and DL. At a flow rate of 15 mL/min, a
lower reaction rate and larger initial fluctuations in product
formation (data not shown) were observed. The reason may
be that the reactants were not fully mixed initially, and that
water was not efficiently removed during the reaction.
Nonetheless, good foaming conditions were maintained
throughout the reaction course, and DL was present in a
larger amount (fatty acid molar equivalents) compared to ML.
In contrast, reactions carried out at higher flow rates gave
slightly higher concentrations of ML than DL. At high flow
rates, foaming was relatively unstable, and the foam region
appeared to be shorter than those obtained at lower air flow
rates. Within the air flow rate range tested, the optimum flow
rate for reactions with a substrate ratio ([LA]/[GLY]) of 0.1
was between 20 and 25 mL/min during which the conversion
of LA ranged from 76 to almost 100% after 24 h.
The optimal operating range may, however, vary with re-
action conditions. For instance, a maximum conversion of
nearly 75% was observed at a flow rate of 30 mL/min when
the molar ratio of LA to GLY was increased to 0.2.
We speculate that foaming is a controlling factor for glyc-
eride synthesis. The primary reason is that, with good foam-
ing, the interfacial area is increased and lipase and the reac-
tants have a larger probability of interaction to form the acyl-
enzyme intermediate.
Temperature effect. The effect of temperature on the ester-
ification reaction at different substrate molar ratios is illus-
trated in Figure 4. At a low substrate molar ratio ([LA]/[GLY]
= 0.1), conversions did not vary considerably within the tem-
perature range of 50 to 70°C. ML and DL were again the two
dominant products. Figure 4A shows that there was a loss of
TL at higher temperatures, which was compensated by higher
ML production. However, Figure 4B shows that, with a
higher substrate molar ratio (LA/GLY = 0.2), the conversion
decreases by ~50%. This decrease is seen in all three prod-
ucts. Within the temperature and substrate ratio ranges tested,
the lipase remained active and gave maximum conversion of
~70% after 24 h. From the detailed reaction courses shown in
Figures 5A and 5B, we observe that ML and DL are formed
almost at the same rate (in terms of fatty acid equivalent
mol%) during the first 6 h; nonetheless, DL was the favored
product to be formed during the first 12 to 20 h at 50°C (Fig.
5A), whereas ML prevailed when reactions were carried out
at 70°C (Fig. 5B). Figure 5B shows that, at 70°C, little fatty
acid is consumed after 12 h, and there is almost no TL pro-
duced. This phenomenon was also true for reactions with
higher substrate molar ratios (data not shown).
The cessation of conversion (mainly of TL) at higher tem-
peratures could be due to two factors. First, as water was lost
to dry air, the reaction mixture became so viscous that the re-
action mixture did not foam anymore. As a result of the de-
creased interfacial area, the probability of interfacial interac-
tion between ML and the enzyme was less, and further con-
version of ML stopped. This was in accordance with the
observation reported above for the flow rate effect. Second,
some limited lipase denaturation may happen, especially
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FIG. 3. Effect of gas flow rate on the final composition after 24 h of re-
action. The reaction conditions are the same as those of Figure 2.
FIG. 4. Effect of temperature on the final product distribution of reac-
tions for different substrate molar ratios: (A) LA/GLY = 0.1; (B) LA/GLY
= 0.2; phosphate buffer solution of pH 8. Other conditions, symbols,
and abbreviations are the same as Figure 2.
when enzymes are exposed to high temperatures and viscous
media for a prolonged duration. Finally, the higher tempera-
tures increase the rate at which equilibrium is reached.
Effect of pH. Figure 6 shows that when pH was increased
from 5 to 8, conversion also increased from 30 to 70%. The
conversion was low when reactions were carried out at a pH of
5 or 6 where foaming was poor. On the contrary, the highest
conversion was obtained at pH 8, at which the best foaming
was observed. With a Tris buffer, the foam materials over-
flowed in a crystallized form at pH 9. Owing to the difficulty
in sampling, we did not carry out experiments at pH values
higher than 8. However, the conversion data shown in Figure 6
indicate that it may be possible to reach even higher conver-
sions at starting pH values above pH 8 if foaming can be con-
trolled.
At alkaline pH, the free fatty acid is converted to a salt
form (a soap), which stabilizes the foam. Thus, pH affects not
only the activity and stability of the enzyme but also changes
the amount of interfacial area available. Thus, it is not sur-
prising to find increased conversions at higher pH values. In
our subsequent studies, we found that the interaction between
the lipase and the ionic lipid layer is pH dependent.
Both pH 7 and pH 8 are good pH environments for lipase.
Though reactions at pH 8 had higher conversions, the main
difference was in the yield of TL. For enzymatic reactions
where stereoselectivity is usually a concern, the formation of
TL could be due to the combination of two mechanisms: lack
of the strict 1,3-specificity that Lipozyme normally exhibits,
and nonenzymatic acyl migration. It has been reported that li-
pase from R. miehei does not have an absolute 1,3-specificity
even when reactions take place in a medium where acyl mi-
gration is inhibited (12,21). As stated in the literature, acyl
migration is accelerated in a buffered or aqueous environ-
ment, whereas it is suppressed in low-water-content media
(36,37). Characteristics of acyl migration in foam media are
currently under investigation.
Effect of ionic strength. We observed that foaming in the
buffered solution was relatively stable and that foam height
was comparatively high. Reactions conducted in buffer and
in deionized water (in which no foaming was observed)
achieved conversions of 75 and 21%, respectively. Results
from the effect of ions on enzymatic reactions have been re-
ported (19,38). Nonetheless, the mechanism remains unclear,
and pH and ionic strength have not usually been tested sepa-
rately. We tried to examine the individual effects of these two
parameters by fixing the pH at 7.0. Figure 7 shows the final
conversion as well as the rate of esterification of the fatty acid
for three different ionic strengths of the buffer solution. Re-
actions that contain medium phosphate (0.1–0.15 M) concen-
trations can achieve conversions as high as 76% after 24 h.
On the other hand, at either high (1 M) or low phosphate con-
centrations (0.01 M), reactions were severely inhibited, lead-
ing to yields of 30 and 44%, respectively. In both reactions,
little TL was produced. We compared the effect of buffer it-
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FIG. 5. Effect of temperature on the esterification of GLY with LA; (A) T
= 50°C, and (B) T = 70°C. Reaction conditions: Gas flow rate: 20
mL/min, and 0.1 M phosphate buffer of pH 8. Symbols and abbrevia-
tions are the same as in Figure 2.
FIG. 6. Effect of pH on the conversion and product distribution after 24
h. Reaction conditions were T = 50°C, flow rate = 20 mL/min, and
buffer concentration = 0.1 M.
self by preparing a 0.1 M phosphate buffer ourselves and test-
ing it against the commercial phosphate buffer of the same
strength. We observed some differences between the two, but
the difference was not large enough to be conclusive.
When low phosphate concentrations were employed, the
mixture did not foam well. We believe that poor foaming is
responsible for lower interfacial area and therefore low con-
version. If the foams are mostly stabilized by the salt forms
(soaps) of fatty acids, the ionic strength moderates the repul-
sive forces between the negatively charged carboxylic acid
head groups. At low ionic strengths, the charge repulsion be-
tween the soap molecules increases the surface area per soap
molecule and leads to unstable films. Increased ionic strength,
on the other hand, leads to closer packing of soap molecules
at the air-water interface and to formation of micelles in bulk
solution. Both of these processes lead to decreased total inter-
facial area, and micelle formation reduces the amount of fatty
acid available for reaction. The net overall effect is low cat-
alytic efficiency. Figure 7 data show that there is a balance
point between head group repulsion and increased micelle
formation, for which the rate of reaction is at maximum be-
cause of increased total surface area and fatty acid concentra-
tion at the interface. Additionally, enzymes undergo denatu-
ration under high ionic strength (19).
Substrate molar ratio. Studies of the substrate molar ratio
effect on the product conversion of LA-GLY esterifications
gave the results shown in Figure 8. For the range of molar ra-
tios of [LA]/[GLY] investigated, we found that 100% conver-
sion can be achieved at molar ratios below 0.05. When reac-
tions with substrate molar ratios between 0.1 and 1 were car-
ried out, the conversion was approximately 70%. We did not
observe the substrate inhibition seen in other reaction media
(39,40). Even when the substrate molar ratio was as high as
1, reaction conversion was nearly 70% after 24 h, with the
composition of final product yield being 35.2% ML, 24.8%
DL, and 9.6% TL. As shown in Figure 9, the normalized rate
of consumption of LA was almost independent of the sub-
strate ratio. However, beause we kept the amount of GLY
constant, the rate of fatty acid consumption increased linearly
with fatty acid concentration. 
Based on the results discussed previously, the yield of
glyceride synthesis is a strong function of experimental vari-
ables. As opposed to what is observed in other media, the
main products are always ML and DL in foam media. As dis-
cussed in the introduction and shown in Figure 10, there are
two important regions that can be identified in foam media:
foam films or lamellae, and the Plateau borders where three
lamellae meet. Lamellae are assemblies of thin foam films,
whereas the Plateau border is where most liquid and excess
substance excluded from the thin films reside (31,32). Owing
to the Plateau border serving as a reservoir, we believe that,
even with a high initial water content in our reactions, the
foam films are actually made up of multiple layers of surface-
active species (including fatty acid, monoglyceride, diglyc-
eride, triglyceride, and enzyme molecules) and a minimal
amount of GLY-containing aqueous solution. Presumably,
high production of ML and DL is the result of the largely ex-
tended interfacial area (between the water and oil phases).
Owing to the high surface activity of both fatty acid and
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FIG. 7. Effect of buffer concentration on fatty acid conversion. Reaction
conditions were: LA/GLY = 0.1, T = 50°C, flow rate = 20 mL/min, pH = 7.
FIG. 8. Effect of substrate molar ratio on the final product distribution after
24 h. Reaction conditions were: T = 50°C, air flow rate = 20 mL/min, 0.1
M of pH 8 phosphate buffer. Symbols are the same as Figure 2.
monoglyceride molecules, they are easily adsorbed onto the
films, being subsequently converted into monoglyceride and
diglyceride, respectively. Further conversion of DL into TL
is comparatively more difficult because of its lower surface
activity. Other factors, such as the solubility of products in
the reaction mixture and the thermodynamic equilibrium of
the product distribution, can also affect the final product com-
position. Therefore, we believe that the dynamic equilibrium
of the foam systems is a result of a delicate balance between
partitioning of the reactants in the interfacial layers and in the
Plateau borders. Saturation of foam films or deterioration of
the drainage can probably lead to reaction inhibition.
We report here glyceride synthesis with an unusually high
initial water content (50 wt%, while other studies are mostly
carried out with water content of less than 5%) (10,38–40). The
reactions, nonetheless, favored ester synthesis in which high
conversions, especially high production of ML and DL, can be
obtained. In conclusion, foam is an excellent medium for con-
verting fatty acid and GLY into mono- and diglycerides. Con-
versions of 70% or higher can easily be achieved (within 24 h)
under optimal operating conditions. The effects of other para-
meters, such as substrate specificity, the effect of fatty acid
chainlength, and other possible reactions, are being investigated.
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FIG. 9. Effect of substrate molar ratio on lauric acid conversion as a
function of time. Reaction conditions were the same as in Figure 8.
FIG. 10. Schematic diagram of the foam films and locations of various reactants.
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